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BLOOD GLUCOSE CONCENTRATION is tightly regulated in healthy animals, and the complex, multilayered homeostatic system that has evolved indicates that euglycemia is important for health and normal function. Elevated glucose levels are associated with both short-term complications (e.g., hyperosmolarity, fluid shifts, glucosuria) and long-term pathology (vascular and neuropathic damage). Under normal circumstances, the major challenge to glucose homeostasis is nutrient ingestion (38, 39) , which can involve the absorption of amounts of carbohydrate that far exceed the basal circulating glucose pool. To avoid hyperglycemia and promote efficient storage and oxidation of meal carbohydrates, a concert of pre-and postprandial hormonal responses tightly controls the postprandial glucose excursion (8, 33, 37) .
Meal feeding (MF), an experimental paradigm in which animals receive the entirety of their daily food ration in a fixed window of time, requires the ingestion of very large meals and presents a major challenge to glucose homeostasis (1, 17, 22, 24) . Animals require several days of training on a MF schedule before they are able to consume sufficient daily calories in the constrained feeding period (12) . In rats, 5-10 days of time-limited food presentation is required before the animals are considered meal fed and can maintain energy intake sufficient to support normal body composition and function. Over the first 2-4 days of MF, rats lose body weight because they are not accustomed to the limited feeding period nor adapted to consume large meals, but in short order, MF rats are able to adapt and reestablish a weight trajectory comparable to that of control animals (12) . This process involves the development of behavioral and physiological adaptations to the short period of food presentation. For example, there are hormonal adaptations to the scheduled large meal, including secretion of preprandial ghrelin, glucagon-like peptide-1 (GLP-1), and insulin, socalled cephalic responses, which precede endocrine responses directly stimulated by eating (4, 12, 34, 35) . These anticipatory responses are important for animals to assimilate and tolerate large meals (4, 10, 34) and may even be advantageous. Indeed, there is experimental evidence that rodents maintained on a MF regimen have improved glucose tolerance in response to oral and parenteral carbohydrate challenges (24, 31) .
Prandial and postprandial adaptations also occur in MF animals. We have observed that MF rats secrete twice the amount of insulin in the 30 min after onset of feeding than ad libitum-fed (AL) rats despite similar plasma glucose levels (12) . We hypothesized that enhanced activity of the enteroinsular axis, with increased production and secretion of the incretins GLP-1 and glucose-dependent insulinotropic polypeptide (GIP), contributes to increased insulin secretion and improved glucose tolerance in MF. To address whether the incretin system mediates the enhancement in ␤-cell function and glucose tolerance during MF, we compared the insulin response to oral, intraperitoneal (ip), and intravenous (iv) glucose administration in MF and AL rats. We predicted that insulin secretion and glucose tolerance would be enhanced during oral compared with parenteral carbohydrate administration.
METHODS

Animals.
Prior to the initiation of experimental procedures, male Long-Evans rats (Harlan, Indianapolis, IN) weighing between 300 and 350 g were housed individually in plastic shoebox cages with ad libitum access to pelleted rat chow (Teklad; Harlan, Madison, WI) and water in a temperature-controlled vivarium (22 Ϯ 2°C) on a 12:12-h light-dark schedule, with lights on at 0600. This research was conducted in facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care, and conformed to National Institutes of Health and US Department of Agriculture regulations, with the approval of the University of Cincinnati Internal Animal Care and Use Committee. At the beginning of each experiment, rats assigned to MF or AL groups were matched for body weight. MF rats had access to chow plus water from 1200 to1600 daily and water alone for the remainder of the day; AL controls had free access to food and water at all times unless otherwise specified. As demonstrated previously (12) , MF rats learned within a few days to eat all of their daily calories within the allotted 4-h time window, such that they maintained a stable weight after a small loss at the initiation of the feeding paradigm.
Experiment 1: oral glucose tolerance during a liquid meal challenge. To determine the role of incretins on the glucose and insulin responses to MF, a mixed-meal tolerance test (MTT) was used. After 10 days of the MF/AL paradigm, Ensure Plus was substituted for chow as the sole source of calories for both groups; i.e., MF rats received Ensure Plus for 3 h daily, and AL rats had access to Ensure Plus at all times. The meal feeding window was reduced to 3 h/day because pilot work indicated that MF rats consume the same number of calories as Ensure Plus within 3 h as they as they consume within 4 h when fed chow. After 6 days of training on Ensure, daily intake of the MF animals stabilized at a volume of 42.3 Ϯ 1.6 ml/3 h whereas the AL rats consumed a volume of 76.9 Ϯ 3.4 ml/24 h. On the day prior to the meal challenge, food was removed from both groups at 1600, the time when it was normally removed from the MF rats. At 1200 the next day, 5 ml of Ensure Plus with 5% D-xylose was provided to both groups. Separate cohorts of eight rats each were decapitated at 0, 15, 30, 45, 60, and 120 min after the Ensure Plus was presented, and trunk blood was collected. This method permitted sufficient blood collection for the measurement of multiple hormones and substrates as well as tissue collection for the assessment of incretin gene expression. Fasting and postprandial blood samples were immediately assayed for glucose with a hand-held glucometer (AccuChek Advantage; Roche Diagnostics, Indianapolis, IN).
A similar paradigm was repeated in a second group of rats that were allocated to MF or AL intake of pelleted rat chow for 2 wk. The animals were familiarized with Ensure Plus through small daily exposures over 3 days. They were fasted from 1600 on the day before a MTT, similar to the first group. Fasting blood samples were taken from the tail at 1100, and animals were presented with 7.5 ml of Ensure Plus including acetaminophen (100 mg/kg) at 1200. Postprandial blood was sampled serially at 7.5, 15, 30, 45, and 60 min through a nick in the tail for measurement of glucose, insulin, and acetaminophen.
Experiment 2: ip glucose tolerance. To determine whether the MF regimen alters insulin secretion in the absence of incretin secretion, we administered glucose ip to MF and AL rats. Cohorts of MF and AL rats (10/group) were established as described above. To habituate the rats to ip injections, rats in both groups were injected with saline (1 ml/kg) just before the MF group received their food (i.e., at 1200) starting the first week of MF. Over the course of 7 days, both groups adjusted to the injections and tolerated them well with no obvious signs of stress. On the day before the glucose tolerance test, food was removed from all animals at 1600. At 1130 the next day, a fasting blood sample was taken from the tip of the tail from all animals as described previously (36) . At 1200, all rats were injected with 1.5 g/kg glucose ip as a 20% solution of dextrose in water. Subsequent blood samples were collected 15, 30, 45, 60, and 120 min after the glucose challenge for measurement of blood glucose, and plasma was saved for assay of insulin.
Experiment 3: iv glucose tolerance and hyperinsulinemic-euglycemic clamps. To understand the contribution of insulin sensitivity and the relative ␤-cell response to the improved glucose tolerance in MF rats, we performed iv glucose tolerance tests (IVGTTs) followed by hyperinsulinemic-euglycemic clamps in a group of rats before and after MF. A cohort of 12 rats had catheters placed in the right jugular vein and the left carotid artery. Both lines were tunneled subcutaneously to exit the skin between the scapulae, where they were closed with stainless steel rods and anchored with sutures. The rats recovered for 1 wk to regain their preoperative body weight, and during that time they were handled on a daily basis to habituate them to contact by investigators. While on the regimen of AL feeding, the rats underwent an IVGTT/hyperinsulinemic-euglycemic clamp as detailed below. This group was then meal fed for 2 wk and the studies were repeated. During both the AL and MF periods, experimental procedures were conducted after a 20-h fast; food was removed at 1600, and the rats were studied the next day at 1200. Plastic tubing was connected to each catheter and connected to a swivel (Instech Laboratories, Plymouth Meeting, PA) such that the rats were able to move freely in their home cages during the experiment. Fasting blood samples were taken at 1130, and glucose was measured as described above. At 1200, an iv glucose bolus of 0.5 g/kg was injected as a 20% solution of dextrose in water into the jugular vein at time 0. Blood samples were collected from the carotid artery at 2, 4, 6, 8, 10, 15, 20, 25, and 30 min. At 60 min, a hyperinsulinemic-euglycemic clamp was started with an infusion of insulin at 4 mU·kg Ϫ1 ·min Ϫ1 that continued for the next 2 h. The insulin solution was prepared in a 10-ml syringe containing 0.5 ml of each rat's own blood, isotonic saline with heparin (20 U heparin/ml) and human regular insulin (Novolin; Novo Nordisk, Copenhagen, Denmark), and the mixture was infused at a constant rate of 50 l/min. A 20% solution of dextrose in water was given iv at a variable rate; blood glucose concentration was measured with a hand-held glucometer every 5 min, and the glucose infusion was adjusted to maintain a glucose target of 6 mM. Larger blood samples for measurement of insulin were taken at 60, 90, 120, 135, 150, 165, and 180 min. Blood samples were centrifuged immediately at 3,000 rpm for 5 min, and the plasma was removed for subsequent measurement of insulin. The red blood cells were carefully immersed in heparinized saline (20 U/ml) and reinfused into the rat to prevent excessive depletion and anemia.
Plasma hormone and glucose analysis. Trunk blood was collected into tubes on ice containing heparin (2,000 U/ml)-EDTA (50 mM)-aprotinin (500 kallikrein inhibitory units/ml). After immediate centrifugation at 3,000 rpm, plasma was stored at Ϫ80°C until assayed. Plasma insulin and total GIP were determined by previously described radioimmunoassays (12, 15) . Plasma glucagon and cortisosterone and total GLP-1 levels were measured with commercially available RIA kits (Linco Research, St. Louis, MO, and ICN, Costa Mesa, CA). Plasma D-xylose (32) and acetaminophen (21) , included in meals as measures of gastric emptying, were analyzed by spectrophotometric assay.
RNA extraction and analysis. Segments of jejunum and ileum (ϳ1 cm) were collected from animals euthanized during experiment 1 at 0, 15, 30, 60, and 120 min after ingestion of the test meal. Contents were removed and tissues frozen in liquid nitrogen. Total RNA was extracted by homogenization in Tri Reagent (Molecular Research Center, Cincinnati, OH). cDNA was synthesized from 500 ng of total RNA by RT using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA). An aliquot of 1 l of a total of 20 l of cDNA was used in PCR with primer pairs for proGIP (forward, AAG CCA GTT CAC AAA GTC TTG TT; reverse, AAA AGA AGA GGT TGA GTT CCG AT), proglucagon (forward, GAC GTT TGG CAA TGT TGT TC; reverse, GCA ATT ACC TAG ACT CCC GC), or L32 (forward, CAT CGT AGA AAG AGC AGC AC; reverse, GCA CAC AAG CCA TCT ATT CA). PCR amplifications were done in triplicate for 40 cycles with a QuantiTect SYBR Green real-time PCR kit (QIAGEN, Valencia, CA) in a SmartCycler instrument (Cepheid, Sunnyvale, CA).
Statistical analyses. Results are presented as means Ϯ SE. The glucose and plasma hormone responses to glucose tolerance tests were summed as AUCs above baseline using the trapezoidal rule. For experiment 1, which used individual animals to generate values for single time points, AUCs were generated for glucose, insulin, and glucagon by randomly grouping rats euthanized at different times across the postprandial period to generate separate time-response curves. The glucose disappearance constant (k g) was calculated as the slope of the natural logarithm of the plasma glucose values from 10 to 30 min during the IVGTT. Glucose and hormone responses were compared using t-tests for unpaired samples in the meal tolerance and ip glucose tolerance tests. Paired t-tests were used to compare insulin secretion and insulin sensitivity during the IVGTT/clamp study. Statistical significance was accepted when P values were Ͻ0.05.
RESULTS
The body weights and fasting glucose concentrations before glucose tolerance testing are presented in Table 1 for the three cohorts of rats. In the first two cohorts, AL and MF rats had similar body weights before the start of MF; the third cohort was studied before and after MF. As described previously ( Fig.  1 and Ref. 12) , and, as occurred in the present experiments, MF rats lose weight during the first few days of meal feeding until they learn to consume sufficient calories in the 4 h during which they have access to food. Body weight stabilizes by days 2-4 of MF, and subsequently the body weight trajectory increases and parallels that of AL rats. MF rats did not compensate for the several days of weight loss at the beginning of the experiment, and their body weights remained lower than those of rats in the AL condition in all cohorts. This difference was largest in the first MTT cohort, likely because of increased caloric consumption by the AL group during the week of Ensure feeding.
Fasting glucose concentrations were consistently 14 -20% lower in AL compared with MF rats in these studies, similar to what has been reported previously (3) . In addition, MF rats had higher corticosterone levels prior to food presentation than AL controls (398.8 Ϯ 16.9 and 170.6 Ϯ 46.8 ng/ml, respectively), another finding previously noted (18) . However, it seems unlikely that stress contributed to the consistently higher basal glucose levels in the MF groups. In all probability, this was due to different degrees of fasting between the AL and MF animals (3). Both groups had food removed at 1600, 2 h before the onset of the dark, but the MF animals had just finished a large meal at that time. In contrast, AL rats do not typically eat substantial amounts during the light phase and consequently were actually fasted for a longer period. This was confirmed by fasting MF rats for an equivalent period after feeding as AL rats and obtaining comparable basal glucose levels (data not shown). The postprandial corticosterone levels decreased in the MF animals such that they were lower those of than the AL group by the conclusion of the meals (Fig. 2D) .
Experiment 1: glucose tolerance during an oral liquid meal. During the first MTT, all rats in the AL and MF groups consumed the test meal (5 ml of Ensure Plus) within 5 min. Although fasting glucose levels were ϳ15% higher in the MF than the AL group (Table 1) , the glucose excursion after the Ensure Plus challenge was substantially attenuated in the MF rats (glucose AUC: MF 75 Ϯ 7, AL 461 Ϯ 28 mmol·l Ϫ1 ·min, P Ͻ 0.001; Fig. 2A ). It is noteworthy that MF rats had no increase in plasma glucose over the first 15 min after meal consumption. The glucose levels in the AL rats, on the other hand, rose consistently after eating, peaked at 60 min, and were still elevated after 2 h. Meal feeding decreased the postprandial increment in blood glucose by 83% compared with the response in the AL-fed rats.
During the first MTT, the insulin response to oral meal ingestion was left-shifted in the MF rats, with peak levels measured at 15 min, a time when there was still no increase in plasma glucose (Fig. 2B) . AL rats, on the other hand, reached their maximum insulin secretion at 60 min, coinciding with the highest plasma glucose level. Despite significantly improved glucose tolerance, the total postprandial insulin secretion calculated as AUC was 58% lower in the meal-fed rats ( Fig. 2B ; insulin AUC: MF 12,604 Ϯ 1,267, AL 30,034 Ϯ 6,046 pmol·l Ϫ1 ·min, P ϭ 0.023). However, the ratio AUC insulin / AUC glucose was significantly greater in the MF animals during the meal test (MF 175 Ϯ 36, AL 65 Ϯ 18 pM/mM, P Ͻ 0.01). With a blood sampling paradigm in the second MTT that included earlier time points, it was apparent that plasma insulin levels in the MF group were highest in the initial 10 min after food presentation, and the insulin AUC 0 -15 was more than three times the value in AL animals (MF 31.0 Ϯ 4.9, AL 9.9 Ϯ 4.4 pmol·l Ϫ1 ·min, P Ͻ 0.02). The lower postprandial glucose excursion in the MF rats was not due to a reduction in the rate of gastric emptying. As indicated by the plasma levels of D-xylose ( Fig. 3 ; D-xylose AUC: MF 91 Ϯ 4, AL 36 Ϯ 2 mmol·l Ϫ1 ·min, P Ͻ 0.001), gastric emptying was significantly accelerated in MF rats compared with controls (P Ͻ 0.05). These findings were corroborated by 1) weighing stomach contents from a group of 6 MF and AL animals 2 h after presentation of chow following a 20-h fast (Fig. 3) , and 2) 0-to 60-min plasma acetaminophen levels from MF and AL rats in the second meal tolerance study (Fig. 3) .
Fasting plasma glucagon levels were similar in MF and control rats, and plasma values peaked at similar levels 15 min after the meal (Fig. 2C) . However, there was a relatively greater postprandial suppression of plasma glucagon in MF rats compared with AL rats, with overall responses 40 -50% lower ( Fig. 4 ; glucagon AUC: MF 949 Ϯ 319, AL 1,886 Ϯ 528 pg·ml Ϫ1 ·min, P Ͻ 0.05). Plasma GLP-1 and GIP concentrations in the MF and AL rats did not differ following the MTT (Fig. 4) . Moreover, neither fasting nor postprandial intestinal expression of proglucagon (proG) and proGIP mRNA differed in animals habituated to MF or AL regimens (Fig. 4) .
Experiment 2: ip glucose tolerance. On the day of the IPGTT, MF rats had levels of fasting glucose that were ϳ19% greater than those of AL rats (Table 1) . However, both groups reached a similar glucose peak 15 min after the ip glucose load (Fig. 5) . The MF rats cleared the glucose load from the circulation more rapidly than did the AL controls, with a 54% lower incremental glucose response ( Experiment 3: IVGTT and hyperinsulinemic-euglycemic clamp. On the days of the IVGTT/hyperinsulinemic clamps, fasting glucose values were similar, 98 Ϯ 2.9 before MF and 101 Ϯ 3.1 afterward, and the glucose excursions following iv glucose administration likewise did not differ. There was no difference in iv glucose tolerance, as reflected in the glucose disappearance constant between the two groups (k g : MF 2.4 Ϯ 0.2, AL 2.4 Ϯ 0.1%/min). Similarly, the acute insulin response to glucose did not differ between the two groups ( Fig. 6 ; insulin AUC 0 -10 : MF 231 Ϯ 45, AL 321 Ϯ 21 pmol/l, P ϭ 0.18). During the hyperinsulinemic clamps, blood glucose levels were maintained near target for both groups (MF 5.5 Ϯ 0.1, AL 5.4 Ϯ 0.1 mmol/l), with mean coefficients of variation of 7.8 and 7.9%, respectively. Plasma insulin during the clamp was also comparable in the two groups (MF 392 Ϯ 15, AL 375 Ϯ 13 pmol/l). Insulin sensitivity, measured as the glucose infusion rate during the steady state of the clamp (150 -180 min), was ϳ20% higher after meal feeding ( Fig. 6 ; MF 38.6 Ϯ 0.8, AL 31.2 Ϯ 1.7 mcg·kg Ϫ1 ·min Ϫ1 , P Ͻ 0.01). The disposition index, insulin secretion expressed as a function of insulin sensitivity, did not differ between the two groups ( Fig. 6 ; MF 9,460 Ϯ 1,506, AL 10,075 Ϯ 725, P ϭ 0.725).
DISCUSSION
MF presents two opposing homeostatic challenges to an animal. On the one hand, restriction of food access to a fixed period requires huge meals to maintain sufficient energy intake to support normal function. On the other hand, these large meals present a decided threat to the normal levels of plasma nutrients, since there is an unusually large appearance of these substrates from the gut. In the present studies, we have demonstrated that rats resolve this conflict by making dramatic adaptations to allow more efficient glucose tolerance in response to the food intakes necessary during MF. Central to the adaptation for MF, rats had more rapid insulin responses and a greater suppression of glucagon secretion associated with attenuations in the postprandial glucose excursion. There were no differences in plasma or tissue levels of GLP-1 or GIP in MF rats compared with controls, suggesting that the insulin response was not mediated by greater incretin stimulation. MF rats had less impressive changes in glucose tolerance in response to parenteral administration of glucose and no evidence of enhanced ␤-cell function during ip or iv glucose administration. These data demonstrate that MF rats respond to the homeostatic challenge of large nutrient loads by adapting islet hormone secretion, and based on the relative differences between oral and parenteral glucose challenges, the enhanced ␤-cell function is specific to the postprandial state.
Overall, these results demonstrate that in healthy animals glucose tolerance is highly adaptable and can be substantially improved in extraordinary circumstances such as MF.
There is a long history of MF as a model to study nutrient homeostasis as well as feeding behavior (17, 20, 23, 24, 29, 31) . Our approach provided reproducible adaptation of MF animals, and the cohorts of animals reported here had trajectories of food intake and body weight that were similar to those in our previous work (12) . The initial MTT cohort had the largest difference in body weights between MF and AL groups that we have seen, in large part due to unex- pected overeating by the AL animals when switched to Ensure feeding; this was mitigated in our second MTT cohort by changing the protocol and giving Ensure exposures while maintaining most of the daily caloric intake as chow. What is unique about the present data set is that during our studies of oral glucose tolerance, animals freely ingested a test meal rather than have the nutrients delivered by gavage. We believe that this more physiological paradigm accentuated the response to MF by allowing meal anticipation and meal presentation to follow the expected course for the animals and thus engage the full spectrum of adaptive responses. Consistent with this, we found in preliminary experiments that the improvement in glucose tolerance was not as great after a gavage of Ensure (data not shown). In a general sense, our studies conform to the results that Leveille and colleagues reported more than three decades ago (24, 31) . They noted that rats with access to food for only 2 h a day cleared ip and intragastric glucose loads faster than rats with ad libitum access to food. In our experiments, MF rats had a pronounced response to meal ingestion, with a more than 80% reduction of the glycemic response that occurred at the time the animals were accustomed to eat. There was a significant but lesser, ϳ40%, improvement in the glycemic response to ip glucose. Undoubtedly some of the marked improvement in oral glucose tolerance was due differences in body weight and insulin sensitivity between the MF and AL groups. However, it seems very unlikely that this is the primary explanation for these results. First, there were marked qualitative differences in islet secretion and gastric function during meal absorption that cannot be attributed to differences in body weight. In particular, the rapid insulin response seems key to improved glucose handling, and the amount of insulin secreted following meal ingestion in MF animals was greater than that of the AL group when normalized to blood glu- cose, a difference not observed with parenteral glucose administration. Second, glucose tolerance was not improved in response to parenteral glucose despite significant, albeit smaller, differences in body weight between the MF and AL rats. Finally, in models of bariatric surgery, the improvement in glucose tolerance between rats with GI surgery or control operations is only 20 -40%, much less than what we report here for MF, despite comparable differences in body weight (6, 7, 28) . Taken together, these observations support an effect of MF on glucose tolerance that goes beyond changes in body weight. We propose that MF elicits larger differences in insulin secretion during ingested compared with parenteral challenges because of the broad range of regulatory signals initiated by an adapted eating pattern, rather than simply hyperglycemia through ip or iv injection. It seems very likely that changes in islet hormone secretion were central to the improvement of oral glucose tolerance in MF rats. Insulin secretion occurred earlier in the meal and was increased before significant increases in blood glucose were evident in experiment 1. This left-shifted insulin response is a hallmark of a variety of models of enhanced glucose tolerance (11, 30) . In addition, MF rats had reduced postprandial glucagon excursions, a response which would be expected to contribute to a more rapid and complete suppression of hepatic glucose production. The increased ␤-cell responsiveness to meals could not be accounted for by changes in plasma levels of GIP or GLP-1, as these did not differ between MF and AL rats. We measured only total GIP and GLP-1 levels and cannot exclude the possibility that levels of intact, bioactive peptides differed in the two groups. However, this would have required that MF induce significant differences in the metabolism of the incretins, and to date such systemic changes have only been described in rodents with natural or induced mutations of dipeptidyl peptidase-4 (13) . In addition, we cannot rule out the possibility that ␤-cell sensitivity to stimulation by GLP-1 and GIP increased with MF, but such a mechanism has not been demonstrated previously, making this explanation also only theoretical. Thus, our primary hypothesis that a greater incretin effect was part of the MF adaptation seems an unlikely explanation for the present results. Moreover, the enhanced postprandial insulin secretion cannot be attributed to general hyperfunctioning of ␤-cells, since the response to ip and iv glucose in the MF rats did not differ from that in the AL controls. Therefore, it is likely that postprandial adaptations in islet function to MF are neurally mediated, especially given the early insulin response that developed in MF rats prior to meal-induced hyperglycemia, a setting in which neither glycemic nor incretin stimulation would be expected. Cephalic or preprandial insulin secretion is well described in both rodents and humans (4, 26, 34) and is enhanced by MF (12) . Our results are compatible with postprandial islet function having a strong cephalic component as well, and one that is adaptable to a MF paradigm. We (9) have previously reported important cholinergic mediation of insulin secretion and glucose tolerance in freely feeding nonhuman primates, results supporting important neural regulation of postprandial metabolism. Considered together with the current findings, it seems likely that CNS control of islet function is an important component of normal physiology and is adaptable to homeostatic challenges such as MF.
MF also increased insulin sensitivity, an effect that was modest but significant. The 20% increase in insulin sensitivity after MF might simply be a function of the weight differences observed in our various MF and AL cohorts, although it would require studies with pair-fed cohorts to determine whether the differences in insulin action are purely due to changes in body weight or if there is some effect of MF per se. Increased insulin sensitivity could account for the greater ip glucose tolerance in MF compared with AL animals that had comparable insulin secretion. And although it seems unlikely that greater insulin sensitivity was the principal cause of the dramatic reduction in glucose excursion after the test meal, this change would be expected to complement the adaptations of insulin and glucagon secretion to enhance glucose metabolism.
The increased gastric emptying observed in the MF animals was a surprising and dramatic finding that would seem to run contrary to the improved glucose tolerance in this group. There is a general line of reasoning that delayed gastric emptying of carbohydrate improves glucose tolerance, a concept with both experimental support (9) and application in pharmacology (5, 25) . Not only did this fail to occur, but in contrast, we noted a substantial increase in the rates of both liquid and solid meal emptying in MF compared with AL rats. In fact, this finding has been reported previously in MF paradigms such as the one used here in which rats were given sufficient time with food availability to maintain a positive growth trajectory (1) . In this previous study, rats on a fixed, MF schedule had increased frequency and magnitude of gastric contractions, a response associated temporally with maximum plasma levels of ghrelin. The plausibility of a neuroendocrine mechanism for increased gastric motility in MF is supported by in vivo and in vitro demonstrations of the effects of ghrelin on gastric contractility (2, 14) . While more work will be necessary to establish this mechanism, it is a reproducible response amenable to further study. Regardless, our findings confirm that an increased rate of gastric emptying is an important adaptation to our MF paradigm, probably necessary to allow an increased frequency of meal consumption during the limited feeding time to maintain energy balance. Given the significant enhancement of gastric emptying with MF, the improved glucose tolerance in MF animals is even more remarkable.
Our findings with MF rats suggest several extensions to metabolic physiology more broadly. The first is that regular, anticipated meals may be beneficial for glucose homeostasis. Studies of so-called clock genes, which are central for establishing diurnal rhythms, indicate that regular temporal patterns are essential for normal glucose tolerance (27) . A recent study by Hatori et al. (16) suggests that MF leads to a broad and specific pattern of gene expression connecting clock mechanisms with important metabolic pathways; similar mechanisms could be involved in the adaptations of islet function reported here. Second, it is notable that normal glucose tolerance, as reflected in the profiles of our AL rats, can be so dramatically improved. This demonstrates a powerful capacity for physiological enhancement in healthy subjects in response to environmental stressors. Understand-ing the mechanisms that allow superphysiological glucose tolerance may have useful application to treating states of impaired glucose regulation. Finally, there are aspects of the responses of MF rats that have parallels in clinical medicine. Bariatric surgical procedures, such as gastric bypass and vertical sleeve gastrectomy, are also associated with rapid gastric emptying and substantial improvements of glucose tolerance (19) . Whether the responses to weight loss surgery and MF recruit comparable physiological mechanisms is unclear but seems worthy of further study.
In summary, we have demonstrated that MF rats have substantial improvements in glucose tolerance that are most apparent when they actively consume a large carbohydratecontaining meal. The main difference in the prandial response in MF compared with AL rats was a left shift in insulin secretion likely mediated by neural signals, since plasma insulin was elevated before any rise in blood glucose and since incretin levels were not enhanced. These findings point to the adaptability and potency of the systems normally regulating blood glucose and raise the possibility that mechanisms underlying these responses could have novel application in therapeutics.
